The effect of atmospheric aging on the adhesion strength between electroless copper and polyimide films was investigated. 100 nm thick electroless copper was plated on polyimide film and 10 µm of copper electroplating was performed successively. Aging was allowed to occur at room temperature in atmosphere for designated times: either between electroless deposition and electroplating or between electroplating and the peel test. The adhesion strength between copper and polyimide film increased and then saturated as aging progressed for about 1 d, with rapid increase from 0.2 to 0.5 d. Among the samples with equivalent total aging time, samples that were electroplated later showed higher adhesion strength. Inter-diffusion and chemical bonding between copper and polyimide were observed after aging and additionally applied electrical current increased the adhesion strength. It could be suggested that the atmospheric aging and additionally applied current enhance the interdiffusion and the chemical bonding between electroless copper and polyimide film.
Introduction
Polymer metallization has drawn much attention for applications in mobile device, flexible display and flexible printed circuit boards (FPCB). 1) Among the polymers suitable for those applications, polyimide is one of the promising candidates because of their excellent thermal stability, good mechanical strength, high chemical resistance, and low dielectric permittivity. 1, 2) However, low reactivity of polyimide with other substances due to the stable characteristics of imide rings, has resulted in low adhesion strength between coated metal and polyimide films. 1, 2) In order to improve the adhesion strength between metal and polyimide films, surface modifications of polyimide have been widely investigated: dry processes such as plasma treatment, 3, 4) or ion beam treatment, 5) as well as wet processes using potassium hydroxide 6) or aqueous amine solution. 7) Post processes such as annealing at high temperature and aging in humid environment have also been reported. 810) However, the chemical bonding mechanism between metal and polyimide and the relationship between the interface reaction and adhesion strength have not been clearly understood yet. Moreover, the effect of atmospheric aging at room temperature on the adhesion strength has not been reported.
In this study, electrolessly-and electro-plated copper on polyimide film was prepared and the effects of aging at room temperature in atmosphere on adhesion strength have been investigated. In order to analyze the cause for adhesion strength changes during aging, physical property of copper films, inter-diffusion, and additional electrical current effect were examined.
Experimental Procedure

Sample preparation
Pyromellitic dianhydride-oxydianiline (PMDA-ODA) based 50 µm Kapton μ HN from DuPont · was pre-treated with following steps: etching, cleansing, protonation, cleansing, sensitization, cleansing, activation, and then, cleansing once again. After the final step of the surface treatment, electroless copper deposition was performed. For the etching step, polyimide film was submerged in potassium hydroxide solution for 5 min, which was heated up to 323 K. For the protonation step, samples were dipped in hydrogen chloride solution for 5 min, then subsequent sensitization and activation steps using tin (II) chloride and palladium (II) chloride, were performed for 4 and 2 min, respectively. Surface modified polyimide film was then immersed in a copper sulfate solution, containing formaldehyde as a reducing agent, Rochelle salt as a complexing agent, and sodium hydroxide as a pH controlling agent. 100 nm of copper was electrolessly deposited on the film at pH 12.5. Electroplating of copper was performed to increase the thickness of deposition layer up to 10 µm using copper (II) sulfate based electrolyte.
Aging and applying additional electrical current
Aging was allowed to occur either between electrolessand electro-plating or between electro-plating and the peel test from 0 to 10 d at room temperature in atmosphere. Adhesion strength between the deposited copper and polyimide film was evaluated by T-Peel (180°Peel) test method using universal testing machine with 50.8 mm/min of crosshead speed. Peel tests were performed for three samples with the same aging condition, and the average value was calculated. 1 kW pulse source meter was used to observe the change of adhesion strength before and after additional electrical current was applied, providing 1 mA of current for designated periods.
Chemical and physical characterization
X-Ray diffraction (XRD) system was used to observe how aging affects the crystal orientation, grain size, and residual stress of electrolessly deposited and electroplated copper. The grain size was obtained using Scherrer's Equation. Focused ion beamscanning electron microscopy (FIBSEM) was used to observe the interface between copper and polyimide. X-Ray photoelectron spectroscopy (XPS) was used to investigate the compositional change and chemical bonding states of copper and constituent elements in polyimide film. Depth profiling was performed by alternating Ar-sputter and XPS-measure cycles, using a 3 keV Ar-ion beam, providing a sample current of 1.8 mA on a 2 © 2 mm 2 surface area. Calculated sputtering etching rate was 0.17 nm/s.
Results and Discussions
Aging effect on adhesion strength
In order to investigate the change in the adhesion strength with the variation of time and initiation point of aging, samples of 10 µm thick copper were prepared by electrolessand electro-deposition on polyimide film. Aging was allowed to occur at room temperature in atmosphere for 0, 0.2, 0.5, 1, 2, 6 and 10 d: either between electroless deposition and electroplating or between electroplating and the peel test. Peel tests were performed to measure the adhesion strength between copper and the polyimide film, and the obtained data are plotted in . It was verified that aging after electroless deposition was more effective than aging after electro-deposition for increasing adhesion strength.
The significant increase during initial periods of aging and the gap after aging with different initiation point in adhesion strength, are possibly caused by the change of physical property 11) such as crystal orientation, grain size and residual stress, inter-diffusion 12, 13) between electroless copper and polyimide, or enhancement of density in chemical bonding 1416) during aging. Following experiments and analyses were performed to verify which of them have affected the adhesion strength the most.
Physical property changes of the copper deposition
layer In order to evaluate the influence of physical property change on adhesion strength after aging, the changes in the crystal orientation, grain size, and residual stress of two sample sets were observed using XRD. One with 100 nm thick copper was electrolessly deposited, and the other with additional 10 µm copper was deposited by successive electroless-and electro-deposition. Figure 2 indicates the changes of the grain size and residual stress in the samples that are aged for 0, 1, 2, 6 and 10 d, respectively. Electrolessly deposited copper exhibited no change in grain size during aging period, while electro-deposited copper showed rapid growth in grain size until 1 d and reached saturation value afterwards. Electrolessly deposited copper showed tensile stress and electro-deposited copper showed compressive stress. The absolute residual stress of electrolessly deposited copper increased slightly and decreased back to initial residual stress. The absolute residual stress of electrodeposited copper decreased until 1 d and saturated afterwards. Since adhesion strength of both EL0EDx and ELxED0 samples increased during 1 d of aging and saturated afterward as shown in Fig. 1 , the changes of the grain size and residual stress in the electroplated copper during aging are not the main cause of the initial rapid increase in adhesion strength. The almost equivalent gaps 3080 mN/mm in adhesion strength after 1 d of aging between EL0EDx and ELxED0 samples, also indicate that the changes of the grain size and residual stress do not cause the difference in adhesion strength. At each aging period, ratios of peak intensity (I 111 / I 002 ) for electrolessly deposited copper were 1.8, 1.8, 1.9, 2.0 and 2.0, and those for electroplated copper were 3.5, 3.0, 3.3, 3.4 and 3.3; both electroless copper and electroplated copper showed similar intensity ratio regardless of different aging periods. Therefore, the change in crystal orientation does not affect the initial rapid growth and the difference of the adhesion strength between EL0EDx and ELxED0, either.
3.3 Inter-diffusion between electroless copper and polyimide film To investigate the inter-diffusion as aging progresses, cross-section of the interface between electroless copper and polyimide has been observed using the FIBSEM, as shown in Fig. 3 . Figure 3(a) is the cross-section of the interface between copper and polyimide right after the electroless deposition (0 d), while Fig. 3(b) is that of the interface after 10 d of aging at room temperature in atmosphere. Figure 3(a) shows subtle roughness in interface and this is considered to be caused by the surface modification processes before the copper electroless deposition. However, the roughness change of interface between two layers was not optically observable right after the electroless deposition (0 d) and after 10 d of aging as shown in Fig. 3 .
Thus, depth profiling study using XPS was performed as shown in Fig. 4 . Depth profiling was conducted and completed within four hours including pumping time of XPS chamber for observing the initial state of interface. Moreover, to minimize the sputtering effects during etching such as ion mixing, only 20 nm of electroless copper on polyimide film was used in this case. Comparing Figs. 4(a) , 4(b), 4(c), a sample with 1 and 10 d of aging showed that copper has penetrated into the polyimide film, and carbon, nitrogen, and oxygen have diffused into electroless copper. Though aging was performed at room temperature, interdiffusion between two layers has occurred, which is consistent with the previous results 12, 13) and the length of inter-diffusion was about 10 to 15 nm. However, there was no remarkable compositional change near interface between samples with 1 and 10 d of aging as shown in Fig. 4 . Once copper was electrolessly deposited, inter-diffusion between copper and polyimide can occur regardless of copper electroplating. Therefore, increased interfacial area caused by inter-diffusion between electroless copper and polyimide can be responsible for initial sharp increase in adhesion strength during aging. Moreover, the increased interfacial area may promote the chemical bonding between electroless copper and the dangling bonds in the modified polyimide surface, such as CuNO, CuN and CuOC.
1416) However, the movement of copper and the formation of new chemical bonding are more difficult as the density of chemical bonding between copper and polyimide increases 13) as shown in Figs. 4(b) , 4(c). So, the adhesion strength of the samples reached a saturation value after 1 d of aging. On the other hand, 3080 mN/mm of difference in adhesion strength between EL0EDx and ELxED0 cannot be explained by interdiffusion since two sample sets experienced same interdiffusion between electroless copper and polyimide.
3.4 Additional electrical current effect on adhesion strength The differences in experimental conditions between EL0EDx and ELxED0 samples with different initiation point of aging were: when the samples were exposed to the copper sulfate electrolyte for electro-deposition, causing different water concentration within the sample during peel test, and different initiation points of electrical current for electrodeposition. Lee et al. 8) has reported that humid environment lowered the adhesion strength between copper and polyimide. Furman et al. 9) has reported that no degradation of adhesion strength was observed in the chromium film on polyimide which was simply exposed to water and not successively exposed to high temperature. In this study, ELxED0 samples with higher water concentration during peel tests showed higher adhesions than those of EL0EDx samples as mentioned in 3.1. Thus, it is considered that initiation point of applied electrical current is more important factor on adhesion strength change and following experiments were performed to verify it. For one EL0ED2 sample, 1 mA of electrical current for 1 s was additionally applied for three times. For the other EL0ED2 sample, 1 mA of constant electrical current was applied for 20 min, the same time for copper electrodeposition. Their adhesion strengths are plotted in Fig. 5 , and the adhesion strength of EL0ED2 are plotted for comparison. Adhesion strength for EL0ED2 samples that received no additional electrical current, received electrical current for three times of 1 s, and received for 20 min were 390, 445 and 462 mN/mm, respectively. Adhesion strengths of the two samples with additional electrical current were 55 72 mN/mm greater than that of sample without additional current and this difference in adhesion strength is almost the same with the gap in adhesion strength between EL0EDx and ELxED0 samples. Moreover, there is little difference in adhesion strength between samples with additional electrical current. Thus, it seems that whether electrical current is applied or not is more important on adhesion strength change than the length of applied time of electrical current in samples with the same initiation point of electrical current.
XPS analyses were performed to investigate the change of chemical bondings with the variation of time and initiation point of aging. Figure 6 shows the N 1s core-level photoemission spectra of peeled copper surface for EL0ED0, EL0ED2 and EL2ED0 samples after peel tests. Generally, the N 1s core-level spectrum of pristine polyimide consists of a single peak from the imide species (NC) at 400.6 eV. However, other peaks appeared at 399.7, 399.3 and 398.8 eV, which were assigned to C=ON, CuN and N=C species, 1417) respectively. The peak of C=ON bonding originated from the surface modification of polyimide by potassium hydroxide solution, 17) and the peak for N=C bonding formed as a result of CuOC bonding formation. 16) EL0ED0 sample without aging showed only NC and C=O N spectra (Fig. 6(a) ), while EL0ED2 and EL2ED0 samples with 2 d of aging showed additional peaks of N=C and CuN spectra (Figs. 6(b), 6(c) ). 2 d of aging makes the peaks of N=C and CuN increase and the peak of C=ON decrease as shown in Fig. 6 . As a results, the density of CuOC and CuN bondings increases through aging. Moreover, the N=C and CuN peaks of EL2ED0 were slightly higher than those of EL0ED2. Therefore, applying electrical current to electroless copper during electroplating with proper interdiffusion between copper and polyimide, is more effective in increasing the density of chemical bonding because enlarged interfacial area caused by inter-diffusion increases the probability of chemical bonding formation between copper and polyimide as shown in Figs. 6(b), 6(c) and mentioned in 3.3. Li et al. 18) has reported that electrical current can influence the activation energy of atoms due to the collision between electron and metal atom. Thus, it can be suggested that the collisions between electron and copper atoms induced by the applied electrical current, provide activation energy to enhance chemical bonding between copper and polyimide, such as CuN and CuOC.
1416) Therefore, after 2 d of aging with proper inter-diffusion between copper and polyimide, applied electrical current could increase additionally adhesion strength (Fig. 5) . From these results, the difference in adhesion strength between EL0EDx and ELxED0 samples can be explained. However, further investigation is necessary to clarify the exact chemical bonding mechanism between copper and polyimide during inter-diffusion and applying electrical current.
Conclusion
It is found that the adhesion strength between copper and polyimide increased sharply and then saturated as aging progressed. With the same total aging time, samples that were electroplated later showed greater adhesion strength. According to the XPS analysis, the increase of adhesion strength during initial aging period was mostly affected by interdiffusion that increases the interfacial area and the density of chemical bonding between copper and polyimide. Moreover, it is considered that collisions between copper and electrons promote the chemical bonding between copper and the polyimide film while additional electrical current was applied. Therefore, aging and applying additional electrical current increased the density of chemical bonding, and has resulted in enhancement of the adhesion strength between copper and the polyimide film. This phenomenon can be effectively applied to many other processes requiring high adhesion strength between metal and polymer film, such as flexible printed circuit board (FPCB) and ultrafine pattern forming in flexible display. 
